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This paper presents a numerical method to simulate ductile tearing in cracked components
under high strain rates using finite element damage analysis. The strain rate dependence
on tensile properties and multiaxial fracture strain is characterized by the model devel-
oped by Johnson and Cook. The damage model is then defined based on the ductility
exhaustion concept using the strain rate dependent multiaxial fracture strain concept. The
proposed model is applied to simulate previously published three cracked pipe bending
test results under two different test speed conditions. Simulated results show overall good
agreement with experimental results.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Ductile tearing simulations under dynamic loading conditions
are important in structural integrity analyses of pipelines and
nuclear piping under impact or seismic loading conditions.
Under high strain rates, material properties such as tensile
and fracture toughness can depend on the strain rate; thus
strain rate effects on material properties must be properly
considered in ductile tearing simulations.
A number of constitutive equations have been proposed to
characterize the strain rate effect on tensile properties and
multiaxial fracture strain [1e5]. Using these constitutive.-J. Kim).
sevier Korea LLC on beha
mons.org/licenses/by-ncequations, various methods for finite element (FE) ductile
tearing simulations under dynamic conditions have been re-
ported [6e10]. For instance, in Refs. [6e9], a cohesive zone
model was used to simulate ductile tearing under dynamic
loading conditions. In Ref. [10], the GursoneTver-
gaardeNeedleman model was utilized. In both models, a
critical issue is to determine the parameters in the damage
model. For instance, in the cohesive zone model, two pa-
rameters (cohesive strength and cohesive energy) must be
determined, and under dynamic conditions, these two
parameters can depend upon the strain rate. For ductile
tearing simulations, strain-rate-dependent parameters arelf of Korean Nuclear Society. This is an open access article under
-nd/4.0/).
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is not an easy task to perform [9]. It should be further noted
that no previous work has compared simulation results with
full-scale pipe test data.
The authors recently proposed a numerical method to
simulate ductile tearing under quasistatic loading condi-
tions, based on the ductility exhaustion concept that uses the
multiaxial fracture strain model [11e13]. The damage model
is determined from tensile and fracture toughness data,
which is then used to simulate ductile tearing of circumfer-
ential through-wall and surface cracked pipes. Simulated
results were compared with experimental pipe test data,
showing overall good agreement. Although our previous
studies have focused on ductile tearing under quasistatic
loading conditions, the above method can be extended to
dynamic loading conditions, as the strain rate effect on
tensile properties and multiaxial fracture strain has been
quantified (e.g., [14]).
In the current paper, the numerical method to simulate
ductile tearing is extended to consider dynamic loading con-
ditions. The presented method is applied to dynamic fracture
test data sets performed at Battelle Memorial Institute, Co-
lumbus, OH, USA [15]. A finite element damage analysis for
circumferential cracked pipes was performed and simulation
results are compared with experimental data.2. Summary of pipe test data
BattelleMemorial Institute has performedmechanical and full-
scale crackedpipe tests under various test speeds [15]. Test data
consist of a tensile test, fracture toughness test and full-scale
circumferential cracked pipe test, made of A106 Gr. B carbon
steel, typically used in Class 1 piping of light water reactors.
Chemical compositions of A106 Gr. B are shown in Table 1.
Essential informationonthesetestdatasets ispresentedherein,
while more detailed information can be found in Ref. [15].2.1. Tensile test results
Tensile tests were performed at 288C under a wide range of
strain rates to characterize the strain rate effect using a flat
specimen with a width of 6.35 mm, thickness of 3.18 mm and
gage length of 25.4 mm. The strain was measured using an
optical extensometer, and the tensile tests were conducted in
a servohydraulic machine at strain rates of 4  104/s, 3.4/s,
and 11.6/s.
The resulting engineering and true stressestrain curves
under different strain rate conditions are shown in Fig. 1A
and B. The 0.2% proof (yield) strength, ultimate tensile
strength and elongation at different strain rates are sum-
marized in Table 2. The ultimate tensile strength decreases
with increasing strain rates, as shown in Fig. 1C.1 Such
behavior differs from typical carbon steels, likely due to the1 More than three test data are shown in Fig. 1C. According to
Ref. [15], more than three tests were performed but, due to
measurement problems, only tensile strengths were reliably
measured. Fig. 1C includes all measured test data.presence of the dynamic strain aging phenomenon [16,17].
Yield strength also decreases with an increase the strain rate
but the data for the 11.6/s strain rate condition show the
opposite trend. Of course, this might be due to measurement
problems. The effect of the strain rate on the strain hard-
ening coefficient is shown in Fig. 1D, suggesting that the
strain hardening coefficient decreases slightly when the
strain rate increases.
2.2. Fracture toughness test results
Two fracture toughness [J-resistance (J-R) curve] tests were
performed at 288C using 0.5T compact tension (C(T)) speci-
mens machined from A106 Gr. B pipes. The specimens were
oriented such that crack growth occurred in the circumfer-
ential direction (L-C orientation) and were side-grooved on
both sides. One test was performed under a quasistatic con-
dition and the other under a high speed condition. Load-line
displacement (LLD) rates from the quasistatic test were elec-
ted to cause crack initiation within 5e20 minutes. In the dy-
namic fracture toughness test, the displacement rate was
selected to cause initiation within approximately 0.2 seconds.
Note that the LLDs in these tests were measured from the
actuator in the testing machine. Both tests employed the
direct-current electric potential method to monitor crack
initiation and growth. The J values were obtained according to
ASTM E813-81 [18].
The resulting J-Rand LLD curves are displayed in Fig. 2. The
experimental results show that the J-R curve is not sensitive to
the test speed.
2.3. Pipe test results
Three full-scale circumferential through-wall cracked pipe
tests were performed. The outer radius of the pipe was
ro ¼ ~84 mm with a thickness of t ¼ ~14.0 mm, as stated in
Table 3. A through-wall crackof ~37%of thepipe circumference
wasmachined into the pipe specimen prior to fatigue precrack.
Pipe test specimens are schematically displayed in Fig. 3A.
The cracked pipe was subjected to four-point bending at
288C, as schematically shown in Fig. 3B. The loading to the
pipe specimen was performed with two interrupted loading
ramps, and each was performed at a constant LLD rate that
was measured from actuators in the bending test machine.
The speed of the (1-2-7) test (quasistatic) was 0.0127 mm/s,
whereas that of the (1-2-8) and (1-2-11) tests (dynamic) were
both 25.4 mm/s. Note that the two tests, (1-2-8) and (1-2-11),
were almost identical, as shown in Table 3.
Average crack growth (Da) data were measured using
direct-current electric potential probes in the centerline. It
was found that crack growth was significantly out-of-plane
and the average crack extension was projected back into the
initial crack plane. Measured load-LLD curves and LLD-Da
curves are shown in Fig. 4A and B. Crack mouth opening
displacement (CMOD) data were also measured at the center
and tip of the through-wall crack, and are shown in Fig. 4C and
D. For two dynamic tests (1-2-8 and 1-2-11), the DaeLLD and
CMODeLLD data are similar, but the loadeLLD curves are
different. Such differences in the loadeLLD curves might be
due to uncertainty in the dynamic tests.
Fig. 1 e Effect of strain rates on tensile properties. (A) Engineering stress-strain curves; (B) true stress-strain curves; (C) yield
and tensile strength; and (D) strain hardening coefficient. Exp, experiment; YS, yield strength; TS, tensile strength; Eqs,
equations.
Table 1 e Chemical composition of A106 Gr. B [15]. Note: this table is taken from Pipe fracture encyclopedia.
C Mn P S Si Cu Ni Cr Mo
Required <0.250 0.270e0.930 <0.035 <0.035 0.100< <0.400 <0.400 <0.400 <0.150
Measured 0.150 0.650 0.012 0.014 0.20 0.280 0.140 0.180 0.055
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properties and multiaxial fracture strain
3.1. Strain rate effect on tensile properties
To characterize the strain rate dependence on tensile
properties, the model proposed by Johnson and Cook [1]Table 2 e Summary of the tensile tests condition and
results [15]. Note: this table is taken from Pipe fracture
encyclopedia.
Strain
rate (1/s)
Yield
strength (MPa)
Tensile
strength (k) (MPa)
Elongation
(m) (%)
4  104 294 599 26.0
3.4 279 550 21.6
11.6 356 479 17.0was used. In this model, the von Mises tensile flow stress
is given by:
s ¼

aþ b 3pln for _3< _3o1 (1A)
s ¼

aþ b 3pln

1þ g ln

_3
_3o1

for _3 _3o1 (1B)
In Eq. (1A), the parameters, a, b, and n, are related to tensile
propertiesat thequasistaticcondition,while 3pl is theequivalent
plastic strain. In Eq. (1B), the constant g represents the strain
rate effect, _3is the strain rate, and _3o1 is a reference strain rate.
The coefficients, a, b, and n, are determined from the
quasistatic tensile test result:
a ¼ 200MPA ; b ¼ 880MPA ; n ¼ 0:3 (2A)
Fig. 2 e C(T) test results under two different test speeds. (A) Load-line displacement curve and (B) J-resistance curve.
Fig. 3 e Schematics. (A) Cracked pipe specimens (the x-points i
mouth opening displacement measurement). (B) The test appar
Table 3 e Summary of circumferential cracked pipe
specimen dimensions [15]. Note: this table is taken from
Pipe fracture encyclopedia.
Test no. Test speed (mm/s) ro (mm) t (mm) r/t q/p
1-2-7 0.0127 84.00 14.0 6.0 0.360
1-2-8 25.4 83.70 13.7 6.1 0.372
1-2-11 25.4 83.55 13.1 6.4 0.372
r, mean radius; ro, outer radius; test speed, load-line displacement
rate; t, thickness; q, half circumferential crack angle.
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the test data. Then the values of a and b were found by fitting
the experimental yield and tensile strength. The additional
coefficients (g and _3o1) in Eq. (1B) were then determined by
matching ultimate tensile strengths under two different strain
rate condition:
g ¼ 0:064 ; _3o1 ¼ 0:61=s (2B)n the figures indicate the clip gage location for the crack
atus.
Fig. 4 e Circumferential cracked pipe test results. (A) Loadeload-line displacement (LLD) curve; (B) crack extensioneLLD
curve; and (C, D) crack mouth opening displacement (CMOD)eLLD curves under quasistatic and dynamic loading conditions.
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(2), are compared with experimentally determined true
stressestrain curves at _3¼ 4  104/s, 3.4/s, and 11.6/s in
Fig. 1B. Estimated values of the yield strength, tensile strength
and the strain hardening coefficient are compared with
experiment data in Fig. 1C and D.3.2. Strain rate effect on multiaxial fracture strain
The present paper uses the multiaxial fracture strain model
proposed by Johnson and Cook [1], where the strain rate
dependentmultiaxial fracture strain is given in terms of stress
triaxiality (defined as the ratio of the mean normal stress sm
and equivalent stress se) by:
3f ¼

A exp

 C sm
se

þ B
	
for _3< _3o2 (3A)
3f ¼

A exp

 C sm
se

þ B
	
1 D ln _3
_3o2

for _3 _3o2 (3B)
In Eq. (3A), thematerial constants,A, B, and C, are related to
the fracture strain under the quasistatic loading condition. In
Eq. (3B), the constantD represents the strain rate effect, and _3o2
is a reference strain rate.The constants, A, B, and C in Eq. (3A), can be determined
when tensile tests under different triaxial stress states are
available. When such data are not available, as in the present
case, Eq. (3A) can be conservatively simplified as:
3f ¼ A exp

 1:5 sm
se

(4)
The constant C in Eq. (3A) is assumed to be C ¼ 1.5 ac-
cording to Rice and Tracey [19] and the constant B is conser-
vatively assumed to be zero, as it should always be positive.
Eq. (4) has only one constant, A, which can be determined by
analyzing tensile test results, as follows.
To determine the constant A in Eq. (4), a conventional
elasticeplastic FE analysis is performed to simulate a tensile
test under the quasistatic condition ( _3¼ 4  104/s). Sym-
metric conditions were utilized and first order solid ele-
ments (C3D8 within ABAQUS version 6.13; Dassault
Systems, Velizy-Villacoublay, France) were used with a
0.1 mm element size, which is sufficiently small for present
purposes. The FE mesh consisting of 7,488 elements is
shown in Fig. 5A. True stressestrain curves defined by Eq. (1)
were employed in the FE analysis using the user subroutine
UHARD. Simulated results are compared with experimental
data in Fig. 1A showing that the FE results can simulate the
Fig. 5 e Determination of multi-axial fracture strain. (A) Finite element mesh to simulate tensile test; (B) variations of the
stress triaxiality with equivalent plastic strain at quasistatic condition; (C) strain rate dependent multiaxial fracture strain
loci; and (D) variations of the stress triaxiality with the equivalent plastic strain at high strain rates.
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in the center of the specimen were extracted from the FE
results. From the FE analysis, variations in the stress triax-
iality with the equivalent plastic strain are shown in Fig. 5B
as solid lines. The last point in Fig. 5B correspond to the
experimental failure point. To include the history effect of
stress and strain on ductile fracture [20], an average stress
triaxiality value for the tensile test result was calculated and
is shown using dotted lines in Fig. 5B. The resulting fracture
strain as a function of the (average) stress triaxiality is
shown in Fig. 5C (open round symbol), from which Eq. (4)
can be determined.
3f ¼ 1:51 exp

 1:5 sm
se

(5)
This locus is shown in Fig. 5C (see the case of _3¼ 4 104/s).
To determine the constant D and _3o2 in Eq. (3B), a similar
elasticeplastic FE analysis is performed to simulate the tensile
test under different strain rate conditions. The FEmodel is the
same as that for the quasistatic condition, but strain-rate-
dependent tensile properties [Eq. (1B)] are used. The simu-
lated results are also compared with experimental data in
Fig. 1A showing that the FE results can precisely simulate
strain rate dependent experimental data. To calculate the
fracture strain as a function of the (average) stress triaxiality,the same procedure as for the quasistatic loading condition
was used. Variations in the stress triaxiality with the equiva-
lent plastic strain under the dynamic loading condition are
shown in Fig. 5D, and computational results are shown in
Fig. 5C. Using these points, the constant D and _3o2 in Eq. (3B)
are determined and the resulting strain rate dependent
multiaxial fracture strain is given by:
3f ¼ 1:51 exp

 1:5 sm
se



1 0:0835 ln _3
0:39

(6)
This is shown in Fig. 5C using dotted lines.4. Damage model and ductile tearing
simulation method
4.1. Damage model for ductile tearing simulation
This paper uses a damage model based on the ductility
exhaustion concept with the stress-modified fracture strain
model given by Eq. (6). This damage model has been used by
the authors to simulate ductile tearing in circumferential
cracked pipes under quasistatic loading [11e13]. In the model,
the incremental damage due to plastic deformation, Du, can
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using:
Du ¼ D 3
p
e
3f
(7)
whereD 3pe is the equivalent plastic strain increment calculated
from the FE analysis. When the accumulated damage be-
comes critical,
u

¼
X
Du ¼
XD 3pe
3f

¼ uc (8)
ductile failure is assumed locally and incremental crack
growth is simulated simply by sharply reducing all stress
components at the gauss point.
Stress reduction was achieved in two ways. First the yield
surface was decreased, since the decreasing slope (rate) and the
cut-off value of stresses can affect numerical stability and the
accuracy of results. Our previous sensitivity study [11e13,21]
showed that simulated results were not very sensitive, pro-
vided that: (1) the decreasing slope was smaller than 1/5,000
(whenthestrain increasesby0.1, thestressdecreases>500MPa);
and (2) the cut-off value was < 10% of the yield strength. In this
work, values of the decreasing slope and the cut-off valueswere
chosen to be 10 MPa (< 10% of the yield strength for all cases).
After the yield surface was decreased, the value of the Young's
modulus was then decreased to a small value (100 MPa in this
work) in order to ensure that all stress components essentially
remainsmall ina cracked element. The above failure simulationFig. 6 e Finite element mesh for simulating Ctechnique is implemented in the commercial FE program, ABA-
QUS standard [19] using user subroutines.
4.2. Element size effect on critical damage
In principle, an element size in FE damage analysis should be
related to a microstructural fracture zone size that typically
ranges from 50 mm to 200 mm for structural steel. To simulate
ductile tearing in circumferential through-wall cracked pipes,
the use of such small element sizes can cause numerical
problems due to the fact that large amounts of ductile tearing
must be simulated. In this respect, the use of larger element
sizeswouldbeuseful inpractice.As thedamagemodel depends
on the stress triaxiality and plastic strain, which in turn de-
pends on the element size in the FE analysis, it is rather obvious
that FE damage analysis results can strongly depend on the
element size. To accommodate this element size effect, the
concept of an element-size-dependent critical damage has
beenproposed [11e13]. In thismethod, the critical accumulated
damage for local fracture, uc, is assumed to be a function of
element size and can be found from sensitivity analysis of an
elementsize in theFEdamageanalysis, aswewilldescribenext.
To determine the dependence of uc on the element size, a
three-dimensional FE damage analysis is performed to simu-
late the C(T) test. In the FE model, a 1/4 symmetric model was
used and the first order solid elements (C3D8 within ABAQUS
[19]) were uniformly spaced in the crack propagation region.
The FE meshes with different element sizes, Le ¼ 0.2 mm,(T) test. (A) Le ¼ 0.2 mm. (B) Le ¼ 0.8 mm.
Fig. 7 e Comparison of experimental results with simulated results under quasistatic condition. (A) The effect of uc on
simulated J-resistance curves using Le ¼ 0.2 mm; (B) loadeload-line displacement curves; (C) J-resistance curves; and (D)
variations of uc with Le.
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Fig. 6. To incorporate the effects of large changes in geometry,
the large geometry change option was chosen. Incremental
damage due to plastic strain is calculated using Eq. (7) with
strain-dependent fracture strain [Eq. (6)].
First, anFEdamageanalysis is performedusingmeshwitha
minimum element size of Le ¼ 0.2 mm to simulate quasistatic
C(T) test results. Simulated J-R curves depend on the assumed
valueofuc, as shown in Fig. 7A. Theproper value ofuc is chosenFig. 8 e Comparison of experimental results under dynamic load
and (B) loadeload-line displacement curve.to fit the crack initiation toughness (J value corresponding to
0.2mmcrackgrowth, J0.2). Results shown inFig. 7Asuggest that
simulation results with uc¼ 0.59 agree well with experimental
initiation toughness. The simulated J-R curve is lower than
experimental data for large Da, which is expected due to the
use of conservative fracture criteria, Eq. (5). The simulated
load-LLD curve is compared with experimental data in Fig. 7B.
Calculations are repeated using an FE mesh with different
element sizes (Le ¼ 0.4 mm, 0.6 mm, 0.8 mm) and theing condition with simulated results. (A) J-resistance curve
Fig. 9 e Finite element mesh to simulate ductile tearing in pipe tests.
Fig. 10 e Comparison of pipe test data under quasistatic loading condition with simulated results. (A) Loadeload-line
displacement (LLD) curve; (B) crack extension (Da)eLLD curve; and (C) crack mouth opening displacement (CMOD)eLLD
curves.
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 2 5 2e1 2 6 31260
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 2 5 2e1 2 6 3 1261corresponding uc values can be found for different element
sizes. Predicted results are compared with experiment data in
Fig. 7C. The use of larger element sizes gives less accurate J-R
curves and more conservative predictions for large Da. The
dependence of uc on Le is shown in Fig. 7D. As expected, the uc
value decreases monotonically with increasing Le.
To simulate the C(T) test under dynamic loading condi-
tions, it is assumed that the uc value found from quasistatic
simulations can be applied and the dependence of uc on Le
shown in Fig. 7D can be used. This is a key assumption but a
plausible one because the uc value is roughly related to
micromechanical parameters, which are not affected by the
strain rate. Fig. 8 compares experimental data of the dynamic
C(T) test with predicted results using different element sizes.
Overall trends are similar to those seen in the quasistatic test,
shown in Fig. 7.5. Ductile tearing simulation of
circumferential cracked pipes
Three-dimensional FE analyses were performed to simulate
full-scale pipe tests under the different speeds described in
Section 2.3. Considering a symmetric condition, a quarter
modelwasused and thefirst order solid elements (C3D8within
ABAQUS version 6.13; Dassault Systems) were uniformlyFig. 11 e Comparison of pipe test data under dynamic loading
displacement (LLD) curves, (B) crack extension (Da)eLLD curves
curves.spaced in the cracked section with a 0.8 mm element size. For
the fracture strain, Eq. (6),withuc¼0.18 (Le¼0.8mm)wasused.
A typical FE mesh for simulating the crack pipe, containing
approximately 13,000 elements, is shown in Fig. 9. True stress-
strain curves defined by Eq. (1) and shown in Fig. 1B, were uti-
lized in the FE analysis using user subroutines (UHARD). The
nonlinear geometry changeoptionwasused to incorporate the
large geometry change effect.
In Fig. 10, simulated results for quasistatic pipe test results
are compared with experimental data; namely, the loadeLLD,
crack extensioneLLD, and CMODeLLD curves. Predicted
CMODeLLD curves agree well with experimental data. How-
ever, predictedDaeLLDcurvesand loadeLLDcurvesare slightly
different fromtheexperiment. Inparticular, thepredictedcrack
growth is faster than within the experimental data.
In Fig. 11, simulated results for dynamic pipe test results
are compared with experimental data; namely the loadeLLD,
crack extensioneLLD, and CMODeLLD curves. As noted, these
two tests are identical. Predicted CMODeLLD results and
DaeLLD results agree relatively well with experimental data.
For loadeLLC results, predicted results agreewell with the 1-2-
11 test data.
Fig. 12 compares fracture surfaces at the maximum load
point in each test resulting from FE simulations. The cracked
surface is shown using the darker color). In all cases, crack
tunneling can be clearly seen.condition with simulated results. (A) Loadeload-line
, and (C) crack mouth opening displacement (CMOD)eLLD
Fig. 12 e Simulated crack surface at the maximum load. (A) 1-2-7 (quasistatic condition); (B) 1-2-8 (dynamic condition); and
(C) 1-2-11 (dynamic condition).
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This paper presents a numerical method to simulate ductile
tearing in cracked components under high strain rates using
an FE damage analysis and comparison with 4-point bending
test data of A106 Gr. B pipes at 288C, performed at Battelle.
Based on tensile data under different strain rates, the strain
rate dependence on tensile properties and fracture strain is
characterized by a model developed by Johnson and Cook [1].
The damage model is then defined based on the ductility
exhaustion concept using the strain rate dependent multi-
axial fracture strain concept. The parameter in the damage
model is determined from fracture toughness test data under
two different test speeds.
The determined damagemodel is applied to simulate three
cracked pipe bending test results under two different test
speed conditions. Simulated results show overall good
agreement with experimental results, generating confidence
in the proposed method. Considering that full-scale pipe tests
under dynamic (high strain rate) conditions are difficult to
perform, the numerical method proposed in this paper would
be very useful to generate virtual pipe test data under dynamic
loading conditions.Conflicts of interest
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A, B, C, D, _3o2 material constants in the multiaxial fracture
strain locus, see Eq. (3)
a crack depth
t pipe thickness
r, ro mean and outer radius of a pipe
Nu c l e a r E n g i n e e r i n g a n d T e c h n o l o g y 4 8 ( 2 0 1 6 ) 1 2 5 2e1 2 6 3 1263a, b, g, n, _3o1 material constants in thematerialmodel, see Eq.
(1)
3, _3 strain and strain rate
3f multiaxial fracture strain
3
pl equivalent plastic strain
se, sm effective stress and mean normal stress,
respectively
s1, s2, s3 principal stress components
q half circumferential crack angle
u, Du accumulated and incremental damage,
respectively
uc critical damage for cracking
Abbreviations
CMOD crack mouth opening displacement
FE finite element
LLD load-line displacement
Exp experiment
YS yield strength
TS tensile strength
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